The trophic relation between prokaryotes and heterotrophic nanoflagellates was studied during two latitudinal cruises in the central Atlantic Ocean. The losses to predation on prokaryotes were determined in 12 locations covering a wide range of trophic situations, from ultraoligotrophic [<0.05 mg chlorophyll a (Chl a) m -3 ] to moderately eutrophic waters (>1 mg Chl a m -3 ). In these locations, the abundance of prokaryotes (P) covaries with that of heterotrophic nanoflagellates, thus suggesting that resources controlled the abundance of heterotrophic nanoflagellates (HNF). Besides, the losses to predation were positively related to prokaryotic and heterotrophic nanoflagellate biomass, which points toward higher consumption rates associated with larger concentrations of preys and predators. Conversely, declining trends between prokaryotic production (P P ) and the fraction of this production lost to predation revealed higher relative losses in the environments with lower productions. Our study shows for the central Atlantic that 35% of prokaryotic biomass (B P ), equating to between 40 and 83% of P P can be ingested daily and that 55% of the variability observed in the rate of prokaryotic loss to predation was related with the HNF. As predators graze on many prey types, in an oligotrophic system containing many prey species but little numeric loading, there will still be prey for predators but not enough hosts for viruses. In this sense, our study confirms the importance of the prey-predator relationship between prokaryotes and heterotrophic nanoflagellates in the flow of carbon of the less productive regions of the ocean.
The trophic relation between prokaryotes and heterotrophic nanoflagellates was studied during two latitudinal cruises in the central Atlantic Ocean. The losses to predation on prokaryotes were determined in 12 locations covering a wide range of trophic situations, from ultraoligotrophic [<0.05 mg chlorophyll a (Chl a) m -3 ] to moderately eutrophic waters (>1 mg Chl a m -3 ). In these locations, the abundance of prokaryotes (P) covaries with that of heterotrophic nanoflagellates, thus suggesting that resources controlled the abundance of heterotrophic nanoflagellates (HNF). Besides, the losses to predation were positively related to prokaryotic and heterotrophic nanoflagellate biomass, which points toward higher consumption rates associated with larger concentrations of preys and predators. Conversely, declining trends between prokaryotic production (P P ) and the fraction of this production lost to predation revealed higher relative losses in the environments with lower productions. Our study shows for the central Atlantic that 35% of prokaryotic biomass (B P ), equating to between 40 and 83% of P P can be ingested daily and that 55% of the variability observed in the rate of prokaryotic loss to predation was related with the HNF. As predators graze on many prey types, in an oligotrophic system containing many prey species but little numeric loading, there will still be prey for predators but not enough hosts for viruses. In this sense, our study confirms the importance of the prey-predator relationship between prokaryotes and heterotrophic nanoflagellates in the flow of carbon of the less productive regions of the ocean.
I N T R O D U C T I O N
A large amount of the carbon found in the ocean is in the form of dissolved organic carbon (Siegenthaler and Sarmiento, 1993) , which is mainly consumed by chemo-organotrophic prokaryotes that are particularly important in the euphotic zone of unproductive waters (Cho and Azam, 1990; Buck et al., 1996) . A wealth of estimates of prokaryotic production (P P ) in oceanic waters, which sets an upper limit to the carbon that they may introduce in marine food webs, have been produced using tritiated leucine (cf. review in Ducklow, 1999) . However, estimates of prokaryote transfer to the food web are disproportionately sparse and particularly scarce in open oceanic environments (Caron et al., 1999; Zubkov et al., 2000) . A fact related to inherent difficulties of the methods used to measure both the predation by heterotrophic protists and the lytic action by viruses (Landry, 1994; Vaqué et al., 1994; Fuhrman, 1999; Strom, 2000) . Viral infection can be an important factor of mortality in aquatic environments, reaching a 50% of P P (Fuhrman, 1999) , but most studies point toward a lesser control of prokaryotes by viruses in oligotrophic oceanic regions (Weinbauer and Peduzzi, 1995; Steward et al., 1996; Guixa-Boixereu et al., 1999) . In such systems, prokaryotes and heterotrophic nanoflagellates represent a major part of the planktonic food web . Besides, heterotrophic nanoflagellates are organized in complex trophic cascades with the smaller components (<2 mm) preying on prokaryotes and the bigger components (2-20 mm) preying on the smaller nanoflagellates (Calbet et al., 2001) . The positive relationship between prokaryotes and heterotrophic nanoflagellates across wide ranges of aquatic systems (Berninger et al., 1991) suggest that the lower losses to predation would be related to the lower P P s of oligotrophic regions (Sanders et al., 1992) . A thorough review of the published literature, however, showed a stronger predatory effect of heterotrophic nanoflagellates on prokaryotes under oligotrophic conditions (Gasol and Vaqué, 1993) , and then, suggesting higher losses to predation respect to the P P in the less productive systems. Therefore, concerning the relative importance of prokaryotic losses to predation in the poorer conditions, there are two nonexclusive hypotheses: (i) prokaryotic losses to predation may decrease proportionately with P P and (ii) prokaryotic losses to predation might be higher than P P in the less productive systems.
In 1995, we twice crossed the central Atlantic Ocean, expecting to encounter a broad range of P P , comparable with the range reported for the whole open ocean (Ducklow, 1999) . Along these cruises, we established a total of 17 grazing loss determinations; 12 were near the surface (5 m) while other 5 were close to the deep chlorophyll maximum (DCM) (between 50 and 180 m). We evaluate here, for the central Atlantic Ocean, first the tightness between the losses to predation on prokar-yotes and the presence of heterotrophic nanoflagellates, and second we considered the two hypotheses cited previously by comparing the P P with the quotient grazing losses to predation:P P .
M E T H O D Sampling
Two meridional cruises were carried out in 1995 across the Atlantic Ocean on board RV Hesperides (Fig. 1 ). Latitud-I cruise was conducted between March and April, covering a latitudinal gradient from 52 S 67 W to 28 N 29 W, while Latitud-II cruise was conducted between October and November, from 27 N 17 W to 36 S 48 W. Sampling stations were located across different Atlantic oceanic regions (defined by latitudinal sections as in Zubkov et al., 2000) including: the Argentinean coast (AC; 52 S-35 S), southern subtropical region (SST, 35 S-22 S), southern tropical region (ST, 22 S-10 S), equatorial waters (Eq, 10 S-5 N), northern tropical region (NT, (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) and northern subtropical region (NST, (24) (25) (26) (27) (28) (29) (30) . Grazing losses determinations were not established in the African upwelling region crossed during Latitud-II (AU, (18) (19) (20) (21) (22) (23) (24) those in the AC region, located over the continental shelf. The seawater samples were collected with Niskin bottles attached to a rosette sampler system fitted with a CTD, and the concentration of chlorophyll a (Chl a) in these samples was measured fluorometrically, as described by Agustí and Duarte (Agustí and Duarte, 1999) .
Experimental setup
We sampled seven stations in Latitud-I at the surface (5 m) and five stations in Latitud-II at the surface and the depth of the DCM ( Fig. 1 and Table I ). Two to five liters of water were prefiltered through a 200-mm mesh (Nytex) to prevent the inclusion of mesozooplankton. After that, the water was filtered by gravity through 20-or 50-mm nylon meshes or through 0.8 mm polycarbonate filters at low pressure (<100 mm Hg). In Latitud-I, we had 200 mL subsamples of three fractions (<0.8, 20 and 200 mm). Because in that cruise we observed no differences between the measured grazing losses in the <20and <200-mm fractions (see Results and Discussion), in the second cruise we established 1 L bottles of only two fractions (<0.8 and <50 mm). The <0.8-mm fraction was designed to exclude prokaryotic grazers while they should be present in the other fraction(s). Once fractionated, fluorescently labeled minicells were added to the samples to determine the grazing losses to predation during incubations that lasted for 48 h. In Latitud-I duplicates, sets of each fraction were incubated inside dialysis bags that were suspended in tanks placed on deck and maintained at near in situ temperature with a flow-through system of surface seawater. One bag of each fraction was withdrawn at 24 and 48 h, and 100 mL subsamples were preserved with glutaraldehyde (1% final concentration). In Latitud-II duplicate sets of each fraction were incubated in 1.5 L bottles (transparent polyethylene) submersed in tanks similar to those described above. In this case, however, the tanks were covered with nets to decrease irradiance to levels close to those in the original sample. Subsamples of 100 mL were withdrawn and preserved, as described above. Preserved samples were stored at 4 C until filtered, which occurred within 24 h.
Microbial abundance, production and grazing losses
The abundance of prokaryotes (P, cells mL -1 ) was measured on 10-20 mL of preserved samples (glutaraldehyde, 1% final concentration), stained with 4 0 -6-diamidino-2-phenylindole (DAPI) (1 mg mL -1 final concentration; Porter and Feig, 1980) and collected onto 0.2-mm black polycarbonate filters. AC, Argentinean coast region; Eq, equatorial region; nd, not detectable; NST, northern subtropical region; NT, northern tropical region; SST, southern subtropical region; ST, southern tropical region. We also show the abundance of prokaryotes (P ) and heterotrophic nanoflagellates (HNF), and the prokaryotes ingested (G ) in the determinations. (Values in parentheses correspond to 1 SD.) a No replicates available.
E. VÁ ZQUEZ-DOMÍNGUEZ ET AL. j GROWTH AND GRAZING LOSSES OF PROKARYOTES Filters were mounted on microscope slides with low fluorescence oil and were kept frozen until epifluorescence microscope counting of 200-400 cells filter -1 , which was done within 2 months of sampling. This procedure included in the counts aerobic photosynthetic prokaryotes, such as Prochlorococcus (Caron et al., 1999; Sanders et al., 2000) . The abundance of heterotrophic nanoflagellates (HNF, cells mL -1 ) was determined after staining between 30 and 50 mL of preserved samples (glutaraldehyde, 1% final concentration) with 1 mg mL -1 of DAPI. Nanoflagellates were collected onto 0.6-mm black polycarbonate filters, and three transects of 10 mm were counted in each filter. Colorless nanoflagellates were assumed to be heterotrophic. The cellular volume of prokaryotes (V P , mm 3 P -1 ) was estimated in a total of 17 representative stations of each oceanic region and depth, by measuring about 100 cells with an image analysis system, as described by Massana et al. (Massana et al., 1997) . The cellular volume of heterotrophic nanoflagellates (V HNF , mm 3 HNF -1 ) was the average of that measured in samples collected at the onset of grazing experiments and assuming ellipsoidal or spherical geometry. In this case, the axes of the nanoflagellate cells were measured with a micrometer eyepiece. The carbon content of prokaryotes was estimated from their volume with the expression, C P (pg C P -1 ) = 0.12 Â V P 0.7 (Norland, 1993) , and the heterotrophic nanoflagellate carbon content was obtained as C HNF (pg C HNF -1 ) = 0.22 Â V HNF (Børsheim and Bratbak, 1987) . Prokaryotic biomass (B P , mg C L -1 ) was estimated as prokaryote abundance times V P , and analogously heterotrophic nanoflagellate biomass (B HNF , mg C L -1 ) was estimated as heterotrophic nanoflagellate abundance times V HNF .
The P P was estimated at the onset of the experiments from the uptake rate of 3 H-leucine (Kirchman et al., 1985) . In Latitud-I, 20 mL of aliquots were incubated in scintillation vials, and protein was recovered by filtration onto cellulose ester filters after trichloroacetic acid (TCA) precipitation (Kirchman, 1993) ; while in Latitud-II, 1.5 mL of the initial samples were incubated in 2-mL centrifuge vials, and the protein was harvested by centrifugation (Smith and Azam, 1992) . Previous experiments showed no differences between the two methods. In both cruises, we inoculated a final leucine concentration of 40 nM into two (Latitud-I) or four (Latitud-II) replicate samples plus one formalin-killed (Latitud-I) or two TCA-killed (Latitud-II) control(s). Following timeseries experiments to verify the linearity of the process, the incubations lasted from 90 to 200 min, and the samples were counted on board after 48 h after adding the scintillation cocktail (OptiPhase). DPM were calculated using the H number of the counter (Beckman). Leucine incorporation rates were converted to P P using the theoretical conversion factor of 3.1 kg C mol leucine -1 (Simon and Azam, 1989) . From the estimates of (mg C L -1 day -1 ) and those of B P (mg C L -1 ), we estimated prokaryotic leucine-based growth rates (m, day -1 ) as:
The loss rates of prokaryotes due to predation were determined from the disappearance of fluorescentlabeled Escherichia coli minicells (FLMs) prepared with (5-([4,6-dichlorotriazin-2-yl)amino]-fluorescein) (DTAF) after Pace et al. (Pace et al., 1990) . The FLMs were preserved frozen until they were added to the samples in a concentration varying between 8 and 15% of the initial P. Initially, we established controls with water filtered through 0.8 mm, but we decided not to subtract the disappearance of FLMs in the 0.8-mm fraction (g -0.8 ) to correct the disappearance rates in the higher fractions, mainly because small heterotrophic nanoflagellates can pass through the filters during filtration (Cynar et al., 1985) . However, we discuss our results within the context of uncorrected and corrected measurements.
The net growth rates of prokaryotes and the FLMs loss rates (g, day -1 ) were estimated using exponential models; while prokaryotic losses to predation (G, P mL -1 day -1 ) were computed following the algorithms in Salat and Marrasé (Salat and Marrasé, 1994) . Nanoflagellatespecific prokaryote ingestion rate (P HNF -1 h -1 ) was computed as the prokaryotic loss observed in fractions >0.8 mm scaled to the initial protist abundance. This estimate assumes that the initial population of heterotrophic nanoflagellates generated all the prokaryotic losses (i.e. it assumes that HNF did not grow during the incubations). Prokaryotic gross production (GP P ) was estimated as the net increase of B P in the grazing determination plus G observed during the same period of time. This estimate does not account for production lost to other processes, such as respiration or viral lysis. Finally, we estimated the fraction of leucine-based P P or GP P lost to grazing by scaling ingestion rates to P P estimates. When necessary, all variables were log transformed to normalize their distribution, and all fitted equations were established according to Model I regression.
R E S U L T S
During Latitud-I, the Argentinean coastal waters were cold ($12 C, Fig. 1 ) and sustained the highest Chl a concentration ($1 mg m -3 ), while the ST waters were warm (28 C) and had the lower autotrophic biomass (<0.1 mg m -3 ). Surface temperatures varied much less in Latitud-II, from 20 C in the SST to >28 C in the NT, while the concentration of Chl a showed a similar range of variation as in Latitud-I, from 1 mg m -3 in the northwest AU to 0.1 mg m -3 in the ST and NST. Both cruises, therefore, encompassed from moderately eutrophic waters on the Argentinean shelf (Latitud-I) and near the northwest AU (Latitud-II), to ultraoligotrophic waters in the ST and NST. Furthermore, the concentration of Chl a was nearly five times higher at the depth of the DCM than in the surface.
The P in the stations varied in Latitud-I between 0.4 Â 10 6 cells mL -1 in the SST to 2.5 Â 10 6 cells mL -1 in the Argentinean shelf region, while heterotrophic nanoflagellates varied between 0.1 Â 10 3 cells mL -1 in the equatorial region to 16.6 Â 10 3 cells mL -1 in the Argentinean coastal region (Table I ). In Latitud-II, however, the P and heterotrophic nanoflagellates varied over a much narrow range. Overall, the abundances of both were independent of the concentration of Chl a (both P > 0.10). While heterotrophic nanoflagellates and prokaryotes were significantly related, with a slope near two times higher than the 1000 P : 1 HNF relation (Fig. 2 , fitted regression equation: log HNF = -0.12 + 2.28 log P, r 2 = 0.76, n = 17, P < 0.01).
The average (AESD) cellular volume of prokaryotes in Latitud-I was 0.030 (0.003) mm 3 P -1 , while in Latitud-II was 0.036 (0.010) mm 3 P -1 at the surface and 0.035 (0.007) mm 3 P -1 in the DCM, thus corresponding to an average carbon content of 10 fg C P -1 in Latitud-I and 11 fg C P -1 in Latitud-II. The average cellular volume of nanoflagellates differed significantly among cruises (Student's t = 2.36, n = 26, P = 0.03). In Latitud-I was 10.4 (3.9) mm 3 HNF -1 , while in Latitud-II was 16.3 (7.5) mm 3 HNF -1 at the surface and 21.3 (9.8) mm 3 HNF -1 in the DCM. Corresponding to an average carbon content of 2.3 pg C HNF -1 in Latitud-I and 3.6 pg C HNF -1 at the surface or 4.7 pg C HNF -1 in the DCM of Latitud-II cruise. Consequently, the B P varied between 2.7 mg C L -1 in the NST and 22.3 mg C L -1 in the Argentinean coastal region (Table II) . The heterotrophic nanoflagellate biomass ranged from 0.1 mg C L -1 in the NST to 16.1 mg C L -1 in the Argentinean coastal region. The heterotrophic nanoflagellate biomass was typically 20% of that of prokaryotes, ranging from 4% in the NST of Latitud-II to 72% in the Argentinean coastal region of Latitud-I.
Averaged for the different oceanic regions, the leucinebased P P varied between 0.3 mg C L -1 day -1 and 31.9 mg C L -1 day -1 with the lowest and highest production found in the NST and the NT, respectively (Table II) . This resulted in leucine-based growth rates ranging between 0.05 and 1.57 day -1 . P P was significantly correlated to the concentration of neither Chl a nor B P (P > 0.1).
In general, the net growth rates determined in the experiments were not different between the different size fractions; except in the SST and ST regions of Latitud-I where the net growth rate in the 200-mm fraction were lower and higher, respectively, than those observed in the remaining fractions (Fig. 3A) . The doubling times of the assemblage of prokaryotes, calculated from the net growth rates, ranged between 15 h and 69 days. Estimates that are comparable with those derived from leucine-based growth rates (10 h to 14 days).
The <0.8-mm fraction was established as a nonpredator control; however, we observed disappearance of FLMs in this fraction (Fig. 3 ). If we did not correct the loss rates obtained in the larger fractions for the loss rates observed in the 0.8-mm fraction, the loss rates varied between undetectable and 2.05 day -1 , and the distribution of the loss rates was not normal with a median of 0.22 day -1 . If the loss rates were corrected, the values ranged between -0.48 and 1.77 day -1 , with a median of 0.14 day -1 . The relation between corrected and uncorrected values was significant, and the average difference was 0.13 day -1 (fitted regression equation: g -0.8 = -0.09 + 0.89 g, r 2 = 0.87, n = 32, P < 0.001; paired t test, P < 0.01). In Latitud-I and without correction, the average (AESD) prokaryote loss rate in the <20-mm fraction, 0.25 (0.25) day -1 , did not differ significantly from that obtained in the <200-mm fraction, 0.57 (0.69) day -1 (Fig. 3A , paired t test, P > 0.9). Thus, the amount of prokaryotic carbon transferred to predators in Latitud-I varied between 1.2 mg C L -1 day -1 in the ST and 8.4 mg log P (cells mL -1 ) log HNF (cells mL -1 ) 1000 P:1 HNF Fig. 2 . Relationship between the abundance of prokaryotes (P, cells mL -1 ) and heterotrophic nanoflagellates (HNF, cells mL -1 ). Gray symbols, Latitud-I; black symbols, Latitud-II at the surface; and open symbols, Latitud-II in the deep chlorophyll maximum (DCM). The solid line represents the fitted equation, while the dotted line shows the equivalence 1000 P:1 HNF. C L -1 day -1 in the Argentinean coastal region (Table II) . In Latitud-II, average loss rates (AESD) varied between 0.1 (0.1) day -1 in subtropical regions and 0.6 (0.3) day -1 in the equatorial region ( Fig. 3B and C) , corresponding to prokaryotic losses to predation between 0.9 and 2.3 mg C L -1 day -1 . Consequently, the GP P ranged between 1.2 mg C L -1 day -1 in the equatorial region in Latitud-II and 21.1 mg C L -1 day -1 in the SST of Latitud-I.
The B P grazed daily in the central Atlantic increased linearly with the biomass of the prokaryote community with a slope not significantly different from 1 (fitted regression equation: log G = -0.45 + 0.94 log B P , r 2 = 0.48, n = 14, P < 0.01), indicating that grazing removed a uniform proportion of B P , 35% on average. Besides, the biomass of prokaryotes grazed daily increased as the 1/3 power of heterotrophic nanoflagellate biomass (fitted regression equation: log G = -0.3 + 0.3 log B HNF , r 2 = 0.30, n = 14, P = 0.04), indicating greater B P removed per unit HNF biomass in sparse rather than in dense nanoflagellate communities. The ingested prokaryotes per heterotrophic nanoflagellate ranged from 3 to 260 P HNF -1 h -1 , and the slope of the fitted regression gives an average of 22.3 P HNF -1 h -1 (Fig. 4 , fitted regression equation: G = 4615 + 22.3 HNF, r 2 = 0.55, n = 20, P < 0.01). Finally, the biomass of prokaryotes grazed daily was a median of 83% of leucine-based P P and on average 40% of their gross production, while the fraction lost to predation of leucine-based and gross P P s declined toward the more productive communities, even after correcting for the losses observed in the 0.8-mm fraction (Fig. 5 ).
D I S C U S S I O N
Marine habitats contain 85% of the P in aquatic environments, and their role there is fundamental to understand the global carbon cycle (Whitman et al., 1998; Del Giorgio and Duarte, 2002) . It has been suggested that viruses could equal heterotrophic nanoflagellates as bacterial consumers in marine systems (Fuhrman, 1999) , while others had shown that the importance of viruses in the carbon budget decreases concomitantly with the P (Maranger and Bird, 1995; Weinbauer and Peduzzi, 1995) . Therefore, heterotrophic nanoflagellates should play a major role in the control of prokaryotes in oligotrophic oceanic systems. This study addresses the role of heterotrophic nanoflagellates as prokaryotic consumers in the central Atlantic within a wide range of trophic regimes, although with most samples under oligotrophic conditions; thus, contributing to the general knowledge of the role of heterotrophic nanoflagellates in the oceanic carbon flow.
Methodological constrains
Different caveats have been highlighted concerning the presence of prochlorophytes in grazing determinations Table II : Average (AESD) regional values (regions as in Table I ) of prokaryotic biomass (B P ), heterotrophic nanoflagellate biomass (B HNF ), leucine-based prokaryotic production (P P ), and prokaryotic gross production (GP P ) and prokaryotic biomass lost to predators (G) Cruise Region Depth (m) B P (mg C L -1 ) B HNF (mg C L -1 ) P P (mg C L -1 ) GP P (mg C L -1 ) G (mg C L -1 ) 2000) and we estimate the biomass of the samples with a factor of 60 fg cell -1 (Charpy and Blanchot, 1998) , then we obtain an underestimation of B P of $50%. In terms of growth rate, if we recalculate the leucine-based growth rates of prokaryotes with 0.85 times lower B P , thus assuming that all leucine was incorporated by heterotrophic prokaryotes (which probably was not the case; Zubkov et al., 2004) , the leucine-based growth rates could have been underestimated by $13%. However, if we assume that all the production was due to all prokaryotes (i.e. photoautotrophs + heterotrophs), the leucine-based growth rates could have been overestimated in a 46% because we estimated these growth rates with $50% underestimation of B P . Oligotrophic oceanic regions support very sparse microbial communities, rendering the determination of prokaryote loss rates difficult, as the rates are often near the detection limits of current methods (Caron et al., 1999; Cho et al., 2000; Sanders et al., 2000; Strom, 2000; Zubkov et al., 2000) . Among the many problems, small heterotrophic nanoflagellates can pass through 0.8-mm filters during the filtration process (Cynar et al., 1985) , which might be one of the causes for disappearance of FLMs in our 0.8-mm controls. Besides, the FLMs loss rates could also be related to physic-chemical degradation, and, probably this was the case in some stations of Latitud-I where loss rates in the controls were very high. As suggested by Vaqué et al. (Vaqué et al., 2001) , water filtered through 0.2 mm should be used preferably to account for the FLMs physic-chemical degradation (e.g. the 'wall effect' suggested in Sanders et al., 2000) . However, most losses in the 0.8-mm fraction were low and could be related with the passage of some heterotrophic nanoflagellates through the filter. Hence, the 0.8-mm treatment could not be considered to be a truly predator-exclusion control. Nonetheless, even after we corrected our results for the losses observed in the 0.8-mm fraction (slashed gray lines in Fig. 5 ), the trends observed between P P , either net or gross, and the fraction of this production lost to predation remain clearly negative. In addition, we did not find appreciable differences between the loss rates measured in the three major fractions: 20, 50 and 200 mm [analysis of variance (ANOVA), n = 32, F = 1.6, P > 0.2], confirming the preponderance of microorganisms bellow 20 mm in the loss rates of prokaryotes in oceanic conditions (Caron et al., 1999; Zubkov et al., 2000; Calbet et al., 2001) .
The third type of methodological error is that related with the carbon conversion factor to transform the incorporated 3 H-leucine into B P . Although the choice of an accurate carbon conversion factor is fundamental to understand the carbon flow of marine systems, the discussion about which should be the proper factor is Production (mg CL -1 day -1 ) A B Fig. 5 . Trends between (A) the fraction of leucine-based prokaryotic production (P P , mg C L -1 day -1 ) and (B) the fraction of prokaryotic gross production (GP P = net growth + losses, mg C L -1 day -1 ) lost to predation (G, mg C L -1 day -1 ), against the prokaryotic production and gross production (P P and GP P , respectively). The gray slashed lines correspond to the same trends after correction for fluorescent-labeled Escherichia coli minicells (FLMs) losses in the 0.8-mm fraction (see text).
beyond the scope of this study. Owing to the broad range of leucine incorporation rates in our samples, we decided to use the theoretical carbon conversion factor of Simon and Azam (Simon and Azam, 1989) . If is true that such a factor overestimates P P in the most oligotrophic samples, this would not change our main conclusions. If we had used a lower conversion factor in the less productive regions and a higher one in the eutrophic places, the fraction of production ingested in the unproductive sites would be even larger as compared with that processed in the more productive samples. In addition, the differences between the leucine-based P P s and GP P s (Table II) could be related with the fact that leucinebased productions are almost instantaneous while gross productions are integrated measurements (over 24 or 48 h), and thus, including all direct and indirect (i.e. recycling of nutrients) effects of grazing. Therefore, these two different ways to estimate P P can offer different aspects of the same process.
Ecological implications
We did not find a general relationship between the concentration of Chl a and the abundance or production of prokaryotes, despite the 10-fold range in the concentration of Chl a found within both Latitud cruises. This finding, which is in contrast with general relationships between primary and P P across aquatic ecosystems (Cole et al., 1988) , would derive from (i) methodological problems in the discrimination of autotrophic and heterotrophic prokaryotes, (ii) a lack of relation between concentration of Chl a and primary production or (iii) a temporal uncoupling between dissolved organic carbon production by phytoplankton and its consumption by chemo-heterotrophic prokaryotes (Sherr and Sherr, 1996) . In our study, the P was significantly correlated to that of heterotrophic nanoflagellates, which is consistent with the importance of the trophic relation between both types of microorganisms in oligotrophic places (Gasol and Vaqué, 1993) and could be interpreted as indicating that predation on prokaryotes increases with their abundance (Sanders et al., 1992) . The slope of the regression between prokaryotes and heterotrophic nanoflagellates, nevertheless, was much higher than previous slopes found across different aquatic systems (Gasol and Duarte, 2000) , and the average P:HNF numeric ratio in the most oligotrophic stations was 8000. Low concentrations of heterotrophic nanoflagellates have been related to a potential prokaryotic threshold ($3 Â 10 5 HP mL -1 ) below which protozoan predation would become inefficient (Cho and Azam, 1990; Wikner and Hagström, 1991) , but most communities sampled here were well above this threshold and also contained concentrations of picophytoplankton that could be used as alternative food sources for the heterotrophic protists (Dolan and Simek, 1998) . Microorganisms in the 10-to 30-mm size range, such as ciliates and dinoflagellates, have been shown to effectively graze heterotrophic nanoflagellates in the northeast Atlantic and oligotrophic Pacific (Weisse and Scheffel-Möser, 1991; Landry and Kirchman, 2002) . The heterotrophic nanoflagellates had a slightly higher volume in Latitud-II, compared with Latitud-I, which should mean that the bigger protists could be ingesting those on the lower sizes. Therefore, the low concentration of heterotrophic nanoflagellates in the most oligotrophic samples would derive from the predation by nano-and microzooplankton, which in oligotrophic regions are considered more important predators of nanoprotists than mesozooplankton (Calbet et al., 2001) .
Prokaryotes showed a slow growth in both Latitud cruises, and on average between 3 and 7 days were needed to duplicate their abundance. Our values are within the range of 1-30 days reported for oceanic waters (Ducklow, 1999; Zubkov et al., 2000) . However, we observed high variability of growth rates (from 10 h to 60 days); variability that can be associated to differences in nutrient supply among different regions. Thus, suggesting a prokaryote community that was strongly nutrient limited, as also demonstrated by the shorter doubling times of nutrient-amended communities (Jürgens et al., 2000) , and the general relationships between prokaryotic growth and nutrient supply across both Latitud cruises (Gasol et al., unpublished data) . These observations, along with the general absence of effects of predator exclusion on net prokaryotic growth, depict the prokaryote communities in the central Atlantic Ocean as mainly controlled by resource supply over the large scales. Under this scenario, the recycling of nutrients produced by grazing may stimulate growth as to partially compensate for the losses impinged, and perhaps accounting for the observed similar growth rates in the presence and absence of predators.
Heterotrophic nanoflagellates are important predators of prokaryotes in aquatic environments (Fenchel, 1982; Fuhrman and McManus, 1984; Vaqué et al., 1992; Hall et al., 1993) . The per capita ingestion rate of this study, 22 P HNF -1 h -1 , is relatively high compared with average values of literature-based compilations (i.e. $10 P HNF -1 h -1 in Vaqué et al., 1994) . Although the high variance across sites appears to be a recurrent feature, as in the North Atlantic, Weisse and Scheffel-Möser (Weisse and Scheffel-Möser, 1991) found ingestion rates ranging between 2 and 266 P HNF -1 h -1 , and in Georges Bank Sanders et al. (Sanders et al., 2000) found a rate of ingestion of prokaryotes nearly two times higher in autumn than in summer, despite a similar concentration of HNFs. We might have overestimated the ingestion rates of heterotrophic nanoflagellates as an artifact derived from the presence of other predators in the community, such as dinoflagellates, small ciliates or mixotrophic nanoflagellates (Sherr et al., 1989; Hall et al., 1993) . However, the lack of difference between grazing rates measured in the >0.8-mm fractions suggest that the main grazers on prokaryotes should be in the nanoplankton fraction. In this context, 55% of the variability observed in the prokaryotic losses to predation rates was related with the HNF. Thus, the variability found in the per capita ingestion rate among the diverse regions should be related to the presence of heterotrophic dinoflagellates or to the ciliates or, more probably, to the differences in the specific community composition of heterotrophic nanoflagellates Christaki et al., 2005) .
The GP P removed daily by grazers in the Atlantic Ocean (average 40%) was intermediate between that reported in the productive Georges Bank and that reported for the ultraoligotrophic waters of the Sargasso Sea (12 and 56%, respectively; Sanders et al., 2000) . Moreover, the fraction of P P lost to predators was highest in the communities with the lowest productions. Such a relationship is expected when ratios are related with the variables that are in the denominator (Berges, 1997) , which might invalidate the statistics, but not the trend (Prairie and Bird, 1989) . In this sense, higher losses to predation in the regions with lower prokaryote production have been found in studies conducted in other sites: the Sargasso Sea (Caron et al., 1999) , the Atlantic (Zubkov et al., 2000) , the Mediterranean Sea (Vaqué et al., 2001) and across different oligotrophic oceanic systems after literature compilations (Gasol et al., 2002) . In this sense, our study confirms for the central Atlantic Ocean an important role of heterotrophic nanoflagellates in the processing of P P , with special relevance in the oligotrophic regions.
Viruses are typically specific to a species and require a high density of that host species to support their proliferation (Thingstad, 2000) . Predators gaze on many prey types so in an oligotrophic system containing many prey species, but little numeric loading there will still be prey for predators but not enough hosts for viruses (K. J. Flynn, personal communication). In this sense, our observations show a tight relation between preys and predators in the central Atlantic Ocean. Prokaryotes were exposed to relatively constant losses as a fraction of biomass, but systematic differences in the fate of production, since losses were a higher fraction of this production in the most oligotrophic sites. Thus, reinforcing previous findings of high control of prokaryote production by predation in the oligotrophic regions of the Ocean.
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